Introduction
It is now well established that the initiation of translation of picornavirus RNAs, or of any mRNAs bearing a picornaviral 5' untranslated region (5' UTR) takes place by a mechanism of internal ribosome entry (Pelletier & Sonenberg, 1988) , rather than by ribosome scanning from the 5' end of the mRNA as is believed to occur in the vast majority of cellular and viral mRNAs (Kozak, 1989) . The internal entry mechanism requires a substantial segment [approx. 450 nucleotides (nt)] of the picornaviral 5' UTR, which is generally known as the internal ribosome entry segment (IRES) element. Based on primary sequence homologies of the IRES element, the picornavirus family can be divided into three groups: (i) entero-and rhinoviruses, (ii) cardio-and aphthoviruses and (iii) hepatitis A virus. There is quite strong conservation of primary sequence of the IRES element within each of these groups, but almost no conservation between groups apart from a pyrimidine-rich tract located 25 nt from the 3' end of the IRES.
One important unsolved question is whether this internal ribosome entry mechanism requires protein factors distinct from the traditional eukaryotic initiation factors. To identify any additional protein factors that might be required for internal entry, the interaction of proteins with the 5' UTR of picornavirus RNAs has been studied by u.v. cross-linking assays and also by band-shift assays, although the latter have the potential disadvantage that probes shorter than the full-length IRES must be used and therefore protein-RNA interactions dependent on long-range tertiary interactions in the RNA may not be detected. Band-shift assays have revealed a protein from HeLa cells of 50K which appears to be membrane-associated and which specifically binds to the stem-loop (nt 178 to 220) of poliovirus (type 1) RNA (Najita & Sarnow, 1990) . However, as this stem-loop is missing in bovine enterovirus (Earle et al., A. Borrnan and others 1988) and can be deleted from poliovirus type 1 with little effect on virus growth (Dildine & Semler, 1989) , it seems unlikely that this protein-RNA interaction is critical for translation initiation. Band-shift assays have also detected a specific interaction between nt 559 and 624 of poliovirus type 2 RNA and a 52K protein present in HeLa cells in greater abundance than in reticulocytes (Meerovich et al., 1989) . Again, the functional significance of this is unclear as most of this segment can be deleted with little effect on virus viability (Iizuka et al., 1989) , although as the binding site of p52 was not mapped precisely, the possibility remains that it actually binds to the small part of this motif which is essential for viability. Specific protein interactions with other segments of the poliovirus 5' UTR have also been detected by band-shift assays (de1 Angel et al., 1989; Najita & Sarnow, 1990) . Probes covering nt 1 to 247 and 320 to 629 were found to give band-shifts, and the critical regions were assigned to nt 97 to 182 and 550 to 629 respectively. It appeared that these RNA-protein complexes were composed of different populations of proteins, although one of the proteins common to both complexes was identified as the 0~-subunit of initiation factor eIF-2 (del Angel et al., 1989) .
Of more significance for the work described in this paper is a protein known as p57, p58 or p58/p60 (hereafter referred to as p58/60), whose binding to picornavirus IRES elements is usually detected by u.v.-induced cross-linking. In assays in which the protein fraction is incubated with 32P-labelled RNA, and subjected to u.v. irradiation followed by ribonuclease treatment and then gel electrophoresis to resolve the 32p_ labelled proteins, labelled p58/60 usually appears as a doublet. This protein has been detected in HeLa, Krebs II and BHK cell extracts at what appears to be a significantly higher concentration than in reticulocyte lysates (Borovjagin et al., 1990; Luz & Beck, 1991) . It is present mainly in the ribosomal salt wash (RSW) fraction with only traces found in the post-ribosomal supernatant (Jang & Wimmer, 1990; Luz & Beck, 1990) . The main binding site of p58/60 on the encephalomyocarditis virus (EMCV) IRES was found to be a stem-loop at nt 378 to 484 (Jang & Wimmer, 1990; Borovjagin et al., 1991) , and binding to the equivalent motif in the foot-and-mouthdisease virus (FMDV) IRES has been observed (Luz & Beck, 1990 . The binding affinity ofp58/60 for this motif in the EMCV IRES is drastically reduced by mutations that disrupt the base-pairing of the stem-loop (Jang & Wimmer, 1990) , and such mutations severely compromise the efficiency of internal initiation at the authentic site far downstream (nt 834). A second binding site for p58/60 has been reported in the region nt 315 to 377 of the EMCV IRES, a segment that seems to play an enhancing rather than an absolutely essential role in directing internal initiation (Borovjagin et al., 1991) . In the case of the FMDV IRES, a second binding site for p58/60 has been found in the pyrimidine-rich tract located at the 3' end of the IRES just upstream of the authentic initiation site (Luz & Beck, 1990 . Since mutations in this region which compromised the efficiency of internal initiation also reduced the affinity of p58/60 binding, it is possible that the interaction of p58/60 with this motif is of functional significance, although one fact which conflicts with this idea is that the binding of p58/60 was strongly inhibited by raising the KC1 concentration to that optimal for in vitro translation (Luz & Beck, 1991) .
A protein of about 57K can also be u.v.-cross-linked to the poliovirus IRES element, but its exact binding site has not yet been mapped. This protein is almost certainly identical to p58, since its cross-linking to the poliovirus IRES could be inhibited by the stem-loop of the EMCV IRES which is believed to be the p58/60 binding site (Pestova et al., 1991) .
A problem with all the work described above is the difficulty of proving that the interaction of any protein with the IRES element is functionally significant for the internal initiation mechanism, since the possible role of proteins such as p58/60 has not been tested in fully fractionated cell-free translation systems in which all the components are defined. At present, the main approach towards establishing whether the binding of these proteins to the IRES has functional significance is to determine whether the effect of a given mutation on internal initiation efficiency correlates with its effect on protein binding (Jang & Wimmer, 1990; Luz & Beck, 1991) .
One way to overcome these problems is to exploit the differences between the in vitro translation characteristics of the RNAs of the entero-/rhinovirus group and the cardio-/aphthovirus group. Any mRNA with the IRES element from the cardio-/aphthovirus group is very efficiently and accurately translated in rabbit reticulocyte lysates. On the other hand, any mRNA with the IRES element of poliovirus, and especially rhinovirus, is inefficiently and inaccurately translated in this system, unless the lysate is supplemented with protein factors from HeLa cells (Brown & Ehrenfeld, 1979; Dorner et al., 1984; Borman & Jackson, 1992) or from Krebs II ascites cells (Svitkin et al., 1988) . This provides a good functional assay for the isolation of the factor required for efficient internal initiation on entero-/rhinovirus IRESs, but although partial purification has been achieved (Svitkin et al., 1988; Jackson, 1989) , the activity has proved to be intractable to complete purification.
In this paper we explore which of the HeLa cell proteins that can be cross-linked by u.v. irradiation to the human rhinovirus IRES copurify with the activity that specifically stimulates translation initiation on mRNAs with the HRV IRES. We show that the activity copurifies with a cross-linkable 97K protein, but that the active fractions also contain traces of p58/60, as well as some smaller proteins. However, the major proportion of the p58/60 in these extracts does not cofractionate with the stimulatory activity and is therefore not the HeLa cell factor that promotes initiation on the HRV IRES. We also show that p58/60 is very closely related if not identical to the polypyrimidine tract binding protein (PTB) previously implicated in pre-mRNA splicing (Gil et al., 1991 ; Patton et at., 1991).
Methods
Plasmid constructs. The plasmid constructs with the HRV-2 5' UTR have been described elsewhere (Borman & Jackson, 1992) . The labelled HRV 5' UTR probe for use in cross-linking assays was transcribed from NcoI-linearized monocistronic pJ 10-611 (and thus comprises the entire 5' UTR from nt 10 of the viral genome up to and including the AUG initiation codon). The EMCV 5' UTR labelled probe or unlabelled competitor RNA was transcribed from a plasmid construct which when linearized with NcoI yields an RNA transcript comprising the viral 5' UTR from nt 259 up to and including the authentic initiation codon (Palmenberg et al., 1984; Kaminski et al., 1990) , followed by the sequence ... GCCAUG at the 3' end.
All translation assays utilized mRNA transcribed from the dicistronic HRV construct pXLJ 10-611 which contains nt 10 to 611 of the HRV 5' UTR as on intercistronic spacer between a Xenopus laevis cyclin B2 cDNA as the upstream cistron and a slightly truncated influenza virus NS cDNA as the downstream cistron, as described previously (Borman & Jackson, 1992) .
HeLa cell extracts. HeLa cell S-10, S-100 (the supernatant resulting from the initial centrifugation to pellet the ribosomes under low salt conditions) and ribosomal salt washes were made from HeLa $3 cells grown in spinner-flasks as described previously except that the cells were not starved of methionine before preparation of the S-10 extract (Borman & Jackson, 1992 ). For all experiments described here, the S-100 and RSW fractions were concentrated approximately threefold by precipitation with 70 % saturated ammonium sulphate, followed by dialysis overnight against HI00 buffer (10 mM-HEPES KOH, pH 7.5, 1 mM-MgCI~, 0.1 mM-EDTA, 7 mM-2-mercaptoethanol and 100 mM-KC1) prior to use in translation or cross-linking assays, or fractionation on columns.
HeLa $3 nuclear extracts were prepared as described by Dignam et al. (1983) . They were also dialysed exhaustively against H100 buffer prior to use. PTB was prepared as described elsewhere (Patton et al., 1991) and was also dialysed against HI00 before use.
Column fractionation conditions. DEAE-Sepharose CL6B (Pharmacia LKB) and Ultragel AcA 34 gel filtration column matrices were equilibrated in H100 buffer and poured as 1 and 6ml columns respectively, and loaded typically with about 1 ml of either HeLa RSW or S-100. DEAE Sepharose columns were washed with H100 buffer (100 mM-KC1), and the bound proteins eluted using step elution with the same buffer containing 250 mM-KCI and then 400 mM-KC1. The salt concentration in each fraction was estimated by conductivity determination, and then adjusted to 200 mi final KC1 using either H0 buffer or H500 (identical in composition to H100 except that they contained 0 and 500 mM-KC1 respectively) before use in cross-linking assays or addition to reticulocyte lysate translation assays. Controls for these reactions were H200 buffer (200 mM-KC1) and the starting material with the KCI concentration raised to 200 mi by the addition of H500 buffer.
Transcription reactions. These were performed as described previously for the synthesis of uncapped RNA (Dasso & Jackson, 1989 a) . Reaction conditions for labelled probe synthesis were essentially the same except that the reactions were performed in 10 gl volumes containing 1 mM-of each rNTP except UTP (35 gM), and 50 gCi of [ez~P]UTP (Amersham); specific activity > 400 Ci/mmol). All RNA purification was achieved by repeated phenol~chloroform extractions, ammonium acetate-ethanol precipitation and washing with 80% ethanol.
Translation reactions. Rabbit reticulocyte lysate was a gift of Dr T. Hunt and was used either without pretreatment or after treatment with micrococcal nuclease as described by Jackson & Hunt (1983) . In either case reaction conditions for the translation of RNAs with the HRV IRES were identical to those described previously (Borman & Jackson, 1992) , and [35S]methionine (Amersham; > 1000 Ci/mmol) was used at a final isotopic concentration of 0.5 mCi/ml. For assaying factor preparations for the stimulation of internal initiation, 12 gl translation assays contained 2 gl of factor preparation and the added KC1 concentration was maintained at 80 raM.
Ultraviolet radiation-induced cross-linking reactions. Reaction conditions were based on those of Konarska & Sharp (1986) and Liebold & Munro (1988) for gel retardation assays, and were carried out in microtitre plates at 30 °C. Briefly, binding reactions (final volume 10 ~1) contained 2 pl of the appropriate protein fractions and the final conditions were 10mM-HEPES KOH pH7.2, 3mM-MgCI~, 5% glycerol, 1 mM-DTT and 80 to 90mM-KC1. The reactions were preincubated at 30 °C for 5 min with 0" 1 mg/ml (final concentration) of Escherichia coil 23S rRNA before the addition of approximately 5 to 10 ng of labelled RNA probe. Binding was allowed for 10 rain before the addition of heparin to varying final concentrations (although there was seen to be little or no effect on the pattern of cross-linked proteins with increasing heparin). After a further 10 min incubation, reactions were cross-linked for 15 rain on ice (time courses showed that the signal did not increase after about 8 to 10 rain) using a Sylvania G15 T8 lamp at a distance giving about 8 mW/cm 2 u.v. irradiation. After crosslinking, RNases A and T1 were added to 0.25 mg/ml and 8 units/gl respectively and RNase treatment was continued for 15 min at 37 °C before the addition of an equal volume of SDS gel sample buffer (Jackson, 1986) , heating at 80 °C and analysis by SDS-PAGE. When non-specific and specific competitors were used, they were added with the 23S rRNA prior to addition of probe and at either 200-, 400-or 600-fold molar excesses with respect to probe concentration. Competition with poly(U), poly(C), poly(A) and poly(A,U,G) (Boehringer Mannheim) was performed in the same way at final competitor concentrations of 10, 100 and 1000 p.g/ml.
Immunoprecipitations. The polyclonal anti-PTB antibody used in these experiments was that described in Patton et al. (1991) . Immunoprecipitation reactions were performed on S-100, DEAESepharose eluate fractions and pure PTB which had been previously cross-linked to HRV nt 10 to 614, or on reticulocyte extracts and pure PTB which had been cross-linked to the EMCV 5' UTR, as described above except that post-incubation with heparin was omitted. After ribonuclease treatment, each reaction was diluted to 100 lal with NETS buffer (150 mu-NaC1, 50 mM-Tris-HC1 pH 75.5, 5 mN-EDTA and 0.05% NP40) and either 3 or 6 pl of appropriate antibody or preimmune serum. Reactions were left at 4 °C on a rotary shaker for 1 h before the addition of 10 lal of slurried Protein A Sepharose 6MB beads (Pharmacia). After a further 1 h incubation, the beads were then centrifuged down in a microfuge, and washed three times with NETS buffer. Following washing, the beads were boiled in 20 gl of SDS is given in the left margin of (a) and the right margin of (b), and the predominant labelled proteins are indicated between the two panels. The two extreme right-hand lanes of (b) show the results of repeat assays using a2P-labelled EMCV 5' UTR, 1 mg/ml heparin, and either HeLa cell S-10 or reticulocyte lysate, but with a threefold shorter exposure of the fluorogram.
protein sample buffer and the eluted proteins analysed on a 15% SDS-polyacrylamide gel.
PAGE. Products of in vitro translation reactions were analysed on 20 % polyacrylamide gels as described previously (Dasso & Jackson, 1989b) , and the dried gels were exposed to Hyperfilm fl-max (Amersham) for 48 h. Cross-linking reactions and proteins immunoprecipitated after cross-linking were analysed on 15 % polyacrylamide gels as described previously (Jackson, 1986) , and the dried gels were exposed to pre-flashed Fuji RX film at -80 °C for 24 h. Densitometric quantification of protein products was performed using a Transidyne 2995 Scanning Densitometer using exposures that gave band intensities within the linear response ranges of the films.
Results

Cross-linking of HeLa cell and reticulocyte proteins to picornavirus 5" UTRs promoted by u.v. irradiation
Throughout this work we have used the method of crosslinking promoted by u.v. irradiation to detect the specific interaction of proteins with picornavirus 5' UTRs. In this method, the relevant protein fraction is preincubated with a non-specific RNA (E. coli ribosomal RNA) and then 32p-labelled 5' UTR is added. After further incubation, heparin is added as a non-specific polyanion competitor, the reaction is subjected to u.v. irradiation, the RNA is then digested with ribonucleases and the 32p_ labelled cross-linked proteins are identified by gel electrophoresis followed by autoradiography of the dried gel. The advantage of this approach over band-shift methods is that the full-length 5' UTR can be used as the probe, and thus protein-RNA interactions that are dependent on long-range RNA tertiary structure interactions are more likely to be detected. Fig. 1 shows the pattern of a2p-labelled proteins observed on cross-linking 32P-labelled HRV or EMCV 5' UTRs with various subcellular fractions from HeLa cells or rabbit reticulocytes. (Many of these experiments were repeated with the poliovirus 5' UTR, and although the relevant data will not be shown here, it is worth noting that the results obtained with the poliovirus 5' UTR were essentially the same as those relating to the HRV 5' UTR.) It is clear that a more restricted number of proteins are cross-linked to the EMCV 5' UTR than to the HRV 5' UTR, and the predominant labelled proteins are a p58/60 doublet, a broad band at about 50K, and, in the case of HeLa cell extracts, some less intensely labelled proteins of lower MI.. When a2p_ labelled EMCV 5' UTR was used as the probe, the labelling of the p58/60 doublet was about threefold greater with HeLa cell S-10 than with reticulocyte lysate, and this difference was also seen when subfractions (e.g. RSW) from the two cell types were compared. (The rabbit reticulocyte p58/60 doublet migrates slightly faster in our gels than the HeLa cell equivalent, but, as will be shown later, the proteins from the two sources appear to be very closely related.)
What appears to be the same p58/60 doublet is labelled when 32P-labelled HRV 5' UTR is used as the probe, and again there is a difference of about threefold in the labelling seen with HeLa cell fractions and the equivalent reticulocyte lysate fraction (Fig. 1) . However, for all the HeLa and reticulocyte lysate fractions that were compared, the labelling ofp58/60 was much greater when 32P-labelled EMCV 5' UTR was used rather than HRV 5' UTR. We suggest that p58/60 is present in HeLa cell cytoplasmic extracts at about threefold higher concentrations than in reticulocyte lysates, and that these proteins have a much higher affinity for (or can be more easily cross-linked to) the EMCV 5' UTR than the HRV 5' UTR.
With HeLa cell fractions and 32p-labelled HRV 5' UTR many additional proteins are labelled (Fig. 1) . The most significant of these are: (i) a 97K protein (p97) present in HeLa cell S-10, S-100 and RSW, which does not cross-link to the EMCV 5' UTR and which is undetectable in reticulocyte lysates or RSW (even when the autoradiograph shown was exposed for four times as long); (ii) a 67K protein (p67) present in HeLa cell S-10 and RSW at a very much higher concentration than in HeLa cell S-100 or reticulocyte lysate, which does not cross-link to EMCV 5' UTR; (iii) a number of proteins smaller than 50K which are cross-linked more efficiently to the HRV 5' UTR than to EMCV 5' UTR.
The addition of a general polyanion, heparin, did not dramatically influence the labelling pattern; increasing heparin concentrations merely resulted in a reduction in the labelling of all proteins. The extent of the reduction depended on the extract tested (compare HeLa cell RSW and S-10 extracts; Fig. 1 ). Interestingly, in the case of two of the extracts tested (HeLa cell S-100 and nuclear extract), a specific inhibition of cross-linking of p58/60 was shown at high heparin concentrations (see Fig. 3 ). At present, we have no explanation for these apparently extract-specific effects of heparin addition. The addition of other unlabelled mRNAs as competitors, such as tobacco mosaic virus RNA or an in vitro synthesized mRNA derivative related to the influenza virus NS mRNA, pJ'l mRNA described by Dasso & Jackson (1989b) , had no influence on the pattern of labelled proteins observed with either picornavirus 5' UTR probe (data not shown). No selective reduction in the labelling of any protein was seen when a 50-fold (w/w) excess of Penicillium chrysogenum dsRNA was added as competitor (data not shown), which implies that p67 cannot be the 67K to 68K eIF-2 kinase activated by dsRNA (Kostura & Mathews, 1989) . The pattern of labelled proteins was also unchanged when the probe was labelled by transcription in the presence of [~-32P]CTP rather than [0~-32P]UTP, and was not influenced by the presence of ATP, GTP and an energy-generating system in the cross-linking reaction. It is interesting that Gebhard & Ehrenfeld (1992) recently reported cross-linking experiments with the poliovirus 5' UTR, but failed to detect any labelled proteins larger than approximately 52K. We are unsure as to the reason for this discrepancy with the work presented here, although the apparently different cross-linking profiles might be partly explained by the lower KC1 concentrations used by Gebhard & Ehrenfeld (1992) in their cross-linking experiments.
These results should be evaluated in the light of the fact that internal initiation of translation on the HRV or poliovirus IRES is extremely inefficient in the reticulocyte lysate, but is relatively efficient in a HeLa cell S-10, or even in a system composed of 75% (by volume) reticulocyte lysate and 25% HeLa S-10 (Dorner et al., 1984; Dildine et al., 1991; Borman & Jackson, 1992) . Given that the concentration of p58/60 in HeLa S-10 extracts seems to be no more than about threefold higher than in reticulocyte lysates, these results suggest that p58/60 is not the sole factor responsible for this difference in efficiency of initiation on the HRV IRES. If any of the cross-linkable proteins is responsible for this difference then we must look to proteins such as p97, p67 or some of the cross-linkable proteins smaller than 50K, since these are not only present at a very much higher concentration in HeLa cell extracts than in reticulocyte lysates, but they appear to cross-link specifically to the HRV 5' UTR rather than to the EMCV 5' UTR.
Copurification of HeLa cell proteins that cross-link to the HRV 5' UTR and the activity that stimulates translation initiation on the HRV IRES
In previous work in this laboratory it was found that the HeLa RSW could be fractionated into two components, each of which, when added individually to a reticulocyte lysate system, could stimulate translation from the authentic initiation site of poliovirus RNA and suppress initiation at incorrect sites (Jackson, 1989 ; A. Kaminski, M. T. Howell, S. C. Milburn & R. J. Jackson, unpublished observations). One component was found predominantly in the 0 to 40% saturated ammonium sulphate cut and did not bind to DEAE-Sepharose at 50 to 100 mM-KC1; the other component, which appeared to be more abundant or more active, was found predominantly in the -40 to 70 % saturated ammonium sulphate cut, bound to DEAE-Sepharose at low salt concentrations and could be eluted at 150 to 200 mM-KC1. We will refer to these as the A-type and B-type activity respectively. Whereas the A-type activity was found exclusively in the RSW fraction, the B-type activity could be obtained not only from the RSW fraction, but also from the post-ribosomal supernatant (S-100) prepared by the first centrifugation to pellet the ribosomes under low salt conditions. On the basis of its purification properties, the B-type activity is almost certainly identical to the activity partially purified from Krebs II ascites cells by Svitkin et al. (1988) .
In the present work, we have concentrated on the quantitatively more significant B-type activity, and have used both the RSW fraction and the S-100 as the starting material for partial purification by ion-exchange chromatography and gel filtration. Our aim was to examine which of the cross-linkable polypeptides copurified with the activity that stimulates initiation of translation of mRNAs with the HRV IRES element. Each column fraction was assayed not only for the pattern of proteins which could be cross-linked to 32p-labelled HRV 5' UTR, but also for its effect on the efficiency of translation (in the nuclease-treated reticulocyte lysate system) of pXLJ 10-611 mRNA, a dicistronic mRNA with X. laevis cyclin B2 as the upstream cistron and a slightly truncated influenza virus NS open reading frame as the downstream cistron, with the complete HRV IRES in the intercistronic spacer (Borman & Jackson, 1992) . The translation of full-length HRV RNA in the reticulocyte lysate shows the same two types of defects as poliovirus RNA translation in the same system: inefficient initiation at the authentic site and also aberrant initiation events at numerous incorrect sites (Dorner et al., 1984; Borman & Jackson, 1992) . Although both types of defect may be corrected by the addition of HeLa cell extracts, there is no evidence to date that the same factor(s) is responsible for both types of correcting activity. Thus, HRV IRES-driven artificial reporter constructs were used throughout this work in order to minimize the incorrect initiations at aberrant sites and allow only the study of the activity that promotes utilization of the authentic initiation codon. With the pXLJ 10-6tl mRNA assay system used here, a specific stimulation of translation initiation on the HRV IRES is therefore detected as an increase in the yield of the NSrelated product (which will be called NS') relative to the yield of cyclin. This method of measurement was used to avoid the complications of non-specific inhibition of translation which occur with certain crude HeLa cell extracts (Borman & Jackson, 1992) . It should be noted that although the dicistronic transcripts used in these assays were uncapped, essentially the same results were achieved using artificially capped transcripts. Fig. 2 shows the results obtained when either the RSW (Fig. 2a) or the post-ribosomal supernatant (Fig. 2b) were fractionated by chromatography on DEAESepharose CL6B. It should be noted that the material loaded on the column shown in Fig. 2 (a) originated from approximately the same number of cells as the load extract used on the column in Fig. 2 (b) In both cases, Fig. 2 . Copurification of proteins cross-linkable to the HRV 5' UTR and the activity stimulating initiation on the HRV IRES. HeLa cell RSW (a, c) or S-100 (b) were fractionated by chromatography on DEAE-Sepharose CL6B (a, b) or by gel filtration using Ultragel AcA 34 (c). All fractions and the column load (L) were adjusted to a salt concentration of 200 mM-KC1 before assay, and the control was H200 buffer (B). Each fraction and the column load (L) was assayed for proteins labelled in cross-linking assays using 32P-labelled HRV 5' UTR (nt 10 to 614) and the labelled proteins were detected by gel electrophoresis and fluorography of the dried gel. In addition, 2 gl of each fraction or the column load (L) or the H200 buffer control (B) was added to a standard (12 gl final volume) translation assay of uncapped pXLJ 10-611 mRNA in the reticulocyte lysate system, with a final concentration of 80 mM added KC1. The 3~S-labelled translation products were analysed by gel electrophoresis and autoradiography of the dried gel using Hyperfilm t-max. These autoradiographs were subjected to scanning densitometry, and the product yield ratio calculated: this is the ratio of the intensity of the band corresponding to the NS' (downstream cistron) product to the intensity of the band corresponding to the cyclin B2 (upstream cistron) product. (a) Results obtained when HeLa cell RSW was fractionated by chromatography on DEAE-Sepharose CL6B. From top to bottom, the aligned subpanels show (i) the fluorograph from the cross-linking assay, (ii) the autoradiograph from the translation assay and (iii) the graph of the product yield ratio obtained by densitometry as explained above, plotted against column fraction number. The translation product ratio of the load material was 5.13. Fractions 1 to 9 represent H100 (100 mM-KC1) wash fractions, and the KCI concentration in the eluate started to increase at fraction 10. (b) Equivalent data (aligned) for HeLa cell S-100 fractionated on DEAE-Sepharose CL6B, except that only the results of the fluorograph of the cross-linking assay (upper subpanel), and the product yield ratio obtained by densitnmetry of the autoradiograph of the translation assay products are shown. The product yield ratio for the column load material was 1.95. Fractions 1 to 10 represent H 100 (100 mM-KC1) wash fractions, and the KC1 concentration in the eluate started to increase at fraction 11. (c) Aligned results obtained on gel filtration of HeLa cell RSW in H 100 buffer (100 mM-KC1). The upper part shows the fluorograph of the cross-linking assay, and the lower graph shows the product yield ratio from the translation assay (the product yield ratio of the column load material was 6.4). The positions of elution of marker proteins on the same column in a separate run are shown: myosin (M), E. coli fl-galactosidase (Z), pyruvate kinase (P), glyceraldehyde 3-phosphate dehydrogenase (G), haemoglobin (H) and carbonic anhydrase (C). In all the line graphs, the horizontal broken line shows the product yield ratio observed in the control translation assays with H200 buffer. The positions of migration of standard radioactive marker proteins are shown in the left-hand margin of the top subpanel in (a), and the important cross-linkable proteins (p97, p67, p58/60 and p43) are indicated on the fluorographs of the cross-linking assays.
most (but not all) of the cross-linkable p58/60 in the starting material flowed through the column at 100 mM-KC1, along with many other smaller cross-linkable proteins. When the RSW was the starting material, but not in the case of the S-100, these flow-through fractions had rather weak activity in specifically stimulating downstream cistron translation, an activity identified as A-type by its chromatographic behaviour and its absence from S-100. In both cases, the main B-type translationenhancing activity eluted at a KC1 concentration of 150 to 200 mM, and co-eluted with several cross-linkable proteins: all of the p97 recovered from the column, some p58/60, as well as some smaller polypeptides. However, in the case of p58 and all the smaller cross-linkable polypeptides, only a minor fraction of the total complement of these proteins in the starting material actually copurified with the B-type translation enhancing activity. As the pattern of the smaller cross-linkable proteins coeluting with the stimulatory activity was not consistent between the two column runs, it is unlikely that they are components of the entity responsible for the stimulation. Likewise, although p67 and a cross-linkable 61K protein co-eluted with the B-type activity when RSW was the starting material (Fig. 2 a) , the complete absence of these proteins from S-100 (Fig. 2b, Fig. 3 ) suggests that they are not essential for the stimulation of initiation on the HRV IRES.
It was observed that the labelling of some proteins, notably the 61K protein, p67 and to a lesser extent p97, seemed to be much less when the starting material was assayed than in the sum of the individual column fractions. Thus these seem to be proteins whose crosslinking may be inhibited by some components present in the starting material but resolved during the column run.
The RSW material used in the experiment shown in Fig. 2(a) was also fractionated by gel filtration. Two partially resolved peaks of specific translation stimulatory activity were obtained, a major one of higher apparent native M r than the minor (Fig. 2 c) . The major peak (estimated Mr greater than 400 000) co-eluted with all the cross-linkable p97 recovered from the column, and with a small proportion of the p58/60 recovered. However, most of the cross-linkable p58/60 was more retarded on the column and emerged between the two peaks of stimulatory activity. By applying samples of each peak to DEAE Sepharose columns it was possible to classify the minor peak as A-type activity, and the major peak of higher native M r as mainly B-type activity but with a trace of A-type.
Thus with respect to the B-type activity, defined as the stimulatory activity that is eluted from DEAE-Sepharose at 150 to 200 mM-KC1, p97 is the only cross-linkable protein that copurified completely with the translation stimulatory activity in all experiments. However, active fractions from different columns consistently contained a small proportion of the p58/60 present in the starting material. As the B-type activity is of high native M r ( Fig.  2c ; Svitkin et al., 1988) , it is unlikely to be due to a monomeric polypeptide chain, and it is not impossible that it is a multi-subunit complex composed of p97 and p58/60, with perhaps some of the smaller cross-linkable proteins as well as proteins which have escaped detection because they cannot be cross-linked to the probes by u.v. irradiation. All the DEAE-Sepharose column runs described above used step elution, which effectively generates a steep gradient, since it is our experience that shallow gradients tend to result in poor recovery of activity, and attempts to improve the recovery by assaying different fractions in pairwise combinations have not been fruitful. When a shallow 100 to 250 mM-KC1 gradient (yielding 4.5 mM-increases in KC1 concentration per fraction) was used, the low activity recovered from the column was found in fractions that had cross-linkable p97, but no p58/60 nor any of the other predominant cross-linkable proteins (data not shown). As shown below the weak activity of these fractions containing p97 could be augmented by the addition of p58/60.
p58/60 and the nuclear splicing factor PTB are closely related proteins
We were struck by the fact that the pattern of labelled proteins detected in these cross-linking assays, particularly that obtained with the partially purified B-type activity from DEAE-Sepharose (Fig. 2) , was remarkably similar to that observed when unspliced pre-mRNA probes were cross-linked to preparations of the HeLa cell PTB (Patton et al., 1991; Gil et al., 1991) . Indeed, this similarity has been noted previously by others (Luz & Beck, 1991) . Therefore we compared which proteins were labelled when cross-linking assays were carried out with 32P-labelled HRV 5' UTR and either HeLa cell S-100, or purified HeLa PTB, or a crude HeLa cell nuclear extract prepared by the method of Dignam et al. (1983) . With purified PTB, two proteins were labelled which comigrated exactly with the p58/60 doublet labelled in crosslinking assays using HeLa S-100 (Fig. 3) . Not surprisingly, the same proteins were labelled when the crude nuclear extract was used, but in this case there were several additional labelled polypeptides, many of which were apparently identical to cross-linkable proteins present in the S-100. There were also some cross-linkable proteins present in the nuclear extract, but absent from the S-100, notably a protein which comigrated with the 67K marker and is likely to be identical to the p67 discussed previously. One protein, p97, was strongly labelled in the assay with S-100 but not in the cross- linking reaction with nuclear extract (Fig. 3) . This is significant, since the nuclear extract had only a very low activity in specifically stimulating the translation of the downstream cistron dependent on internal initiation on the HRV IRES (data not shown). Thus, again, the presence of cross-linkable p97 correlates positively with stimulation of internal initiation. Two approaches were taken to confirm the surprising conclusion that the cross-linkable p58/60 is identical with, or at least a very close homologue of PTB. First, cross-linking reactions with either purified PTB or crude HeLa cell S-100 were performed in the presence of various unlabelled competitor RNAs, using 32P-labelled HRV 5' UTR as the probe (Fig. 4) . In general, the competitors affected the labelling of p58/60 in the crude S-100 system and the labelling of purified PTB in the same way: EMCV IRES and poly(U) strongly decreased the labelling, poly(C) and poly(A,U,G) were slightly inhibitory, and poly(A) was almost without effect. The results obtained with homopolymer competitors in these assays are very similar to those observed by Patton et al. (1991) in their assays of PTB cross-linking to labelled unspliced pre-mRNA probes. The labelling of other cross-linkable proteins in the HeLa S-100 preparation did not respond to competitor RNAs in the same way as did the labelling of PTB or p58/60. The labelling of p43 was strongly inhibited by poly(C) and also by EMCV IRES, whereas the labelling of the proteins larger than p60 was more strongly inhibited by poly(A,U,G) than by poly(U) or any other competitor.
As a further test of the identity ofp58/60 and PTB, we carried out cross-linking in the usual way except that heparin was omitted, and after the RNase treatment step the reactions were immunoprecipitated with a polyclonal antibody raised against purified PTB. HeLa S-100 extract, purified PTB and the material from the eluaut activity of the S-100 DEAE-gepharose column (Fig. 2b, fraction 12) were cross-linked to the 3ZP-labelled HRV 5' UTR (nt 10 to 614) in the usual manner except that heparin was omitted. After cross-linking by u.v. irradiation, and digestion with ribonucleases, the reactions were immunoprecipitated as described in Methods (1P lanes) using the volumes of each of the following antisera given above each lane: preimmune serum (PI); anti-mouse ferritin (c~Fer); anti-human PTB (~PTB). (b) Results of immunoprecipitation of cross-linking reactions containing either reticulocyte lysate or purified PTB and ~2p-labeUed EMC¥ 5' UTR probe. The lanes marked u.v. show the pattern of labelled proteins in cross-linking reactions that were not subjected to immunoprecipitation. Analysis of the crosslinked and immunoprecipitated proteins was by 15 % SDS-PAGE. The positions of the cross-linked and immunoprecipitated p58/60 proteins are marked on the left of each panel.
p58/60 labelled in a cross-linking reaction carried out with crude S-100 was specifically immunoprecipitated by this antibody with an efficiency comparable to the immunoprecipitation of PTB itself from a parallel crosslinking reaction. Immunoprecipitation was dependent on the dose of antibody and did not occur with non-immune serum or with an antiserum raised against an irrelevant protein.
It is interesting to note that the antiserum immunoprecipitated the p60 component more efficiently than the p58, a bias which was seen both with purified cross-linked PTB and with p58/60 labelled in a crosslinking reaction with crude HeLa S-100. Using immunoprecipitation of cross-linked proteins in this manner, we were also able to show that the small proportion of p58/60 which copurified with the translation stimulatory activity on DEAE-Sepharose columns was recognized equally by the anti-PTB antiserum (Fig. 5) . In addition, the reticulocyte p58/60 labelled by cross-linking ~2p_ labelled EMCV 5' U T R in reticulocyte lysates was immunoprecipitated by the anti-(human) PTB (Fig. 5) . By all the criteria used, the cross-linkable p58/60 in HeLa S-100 is therefore indistinguishable from PTB, and at the very least p58/60 must be a very close homologue of PTB even if it is not absolutely identical to it.
P T B and p97 can act synergistically to stimulate translation initiation on the H R V I R E S
As mentioned above, the crude nuclear extract was inefficient in stimulating translation initiation on the H R V IRES, but nevertheless its activity in this assay was not zero. Purified PTB also had some stimulatory activity in the translation assay (see below), but when 'normalized' to the labelling of p58/60 in a cross-linking assay, the activity of PTB in the translation assay was judged to be less than 5 % of that of crude H e L a S-100 or RSW. These results imply either that PTB is irrelevant to the specific stimulation of translation initiation on the H R V IRES, or that such stimulation requires PTB together with another entity. The obvious candidate for this other factor is p97, particularly since, as mentioned above, the elution of a D E A E Sepharose column with a shallow KC1 gradient resolved p97 from residual p58/60 and other cross-linkable proteins, but resulted in a drastic decrease in translation stimulatory activity. We therefore tested for synergism between this p97 preparation and purified PTB in the translation assays using the uncapped dicistronic p X L J 10-611 m R N A but in a normal (not nuclease-treated) rabbit reticulocyte lysate, because in our experience this gives a much lower background of downstream cistron translation in the absence of added HeLa cell factors than is the case with many nuclease-treated lysates. As is shown in Fig. 6 , the two factors acted synergistically to a certain extent in that the optimal combination of p97 and PTB resulted in a higher yield of translation product from the downstream (HRV IRES-driven) cistron than could be achieved with either factor alone. It should be noted that the addition of the S-100 fraction to the translation mixture in this experiment resulted in a reduction in the synthesis of non-NS' polypeptides. This was not the case upon the addition of the optimal combination of p97 and PTB, although the activity of this combination approached 25 % of that seen with S-100 extract. The nonspecific inhibitory effects of crude cell extracts on translations have been reported previously (Svitkin et al., 1988) . In this instance, we believe that the lack of nonspecific inhibition of translation seen with combinations of p97 and PTB reflected the absence of the inhibitory components from these partially purified preparations, rather than the failure of an efficiently translated NS ORF to compete with the endogenous RNAs (and the upstream cistron) for some general component of the translation machinery. We also noted that when the HeLa S-100 was loaded on a poly(U~Sepharose column, the 0.5 M-KC1 eluate contained most of the proteins that can be cross-linked to the HRV 5' UTR except that p58/60 was missing. This material had only very weak activity in promoting internal initiation on the HRV IRES ( Fig. 6 ; lane F13), but this weak activity could be partially complemented by addition of purified PTB (data not shown).
Discussion
The results described here show that the p58/60 polypeptide previously shown by cross-linking assays to bind specifically to the IRES elements of picornaviruses is very similar, if not identical, to PTB, the protein implicated in pre-mRNA splicing (Gil et al., 1991; Patton et al., 1991) . HeLa cell and rabbit reticulocyte p58/60 are specifically immunoprecipitated by polyclonal anti-PTB antibodies, and PTB and p58/60 are identical in terms of the specificity of their interaction with different species of RNA. PTB is known to exist in the nucleus in several isoforms which differ slightly in their primary amino acid sequence and seem to be generated by alternative splicing of the mRNA precursor. To date there are four known isoforms (Gil et al., 1991 ; Patton et al., 1991) . It is not yet clear whether the p58/60 from cytoplasmic HeLa cell extracts which binds to picornavirus IRES elements is just one of these PTB isoforms, or whether it is the same spectrum of the four isoforms found in the nucleus.
The discovery that a protein previously thought to be involved exclusively in a nuclear function (pre-mRNA splicing) may also have a role in a cytoplasmic function (translation of picornaviral RNAs) is rather surprising, and it raises the question of whether the presence of PTB in our cytoplasmic extracts from HeLa cells may not be plotted against the relative proportion of PTB in the PTB/p97 mixture. The data for both PTB preparations are given. ( 0 , preparation 1 ; V], preparation 2). The product yield ratios obtained with 2 plH100 (control) and with 2 tal of HeLa S-100 were 0.16 and 5.34 respectively. the result of leakage from the nucleus. However the presence of this protein in reticulocyte lysates implies that any leakage of PTB from the nucleus also occurs in vivo, and it is not merely an artefact of cell fractionation procedures. (Although the amount of PTB in reticulocyte lysates is much less than in HeLa cell extracts, we judge that it is too high to be due solely to the unintended lysis of nucleated cells during the preparation of the reticulocyte lysate.)
The work described here has identified two pools of p58/60 (PTB) in cytoplasmic extracts of HeLa cells. The larger pool is not bound to DEAE-Sepharose CL6B at 100mM-KC1 and does not seem to have significant activity in potentiating reticulocyte lysates to translate mRNAs bearing the HRV IRES, whilst the smaller pool seems to be associated with other proteins and does have such activity. It is possible that the larger pool represents the PTB that has leaked from the nucleus (whether such leakage occurs in vivo or as an artefact of cell-free fractionation), whereas the smaller pool is genuinely cytoplasmic in its location.
It is also possible that PTB normally undergoes some shuttling from nucleus to cytoplasm in rico. It has been shown that under conditions of inhibition of RNA polymerase II transcription there is a transfer of certain hnRNPs, some of which are thought to be involved in splicing, from the nucleus to the cytoplasm (Pifiol-Roma & Dreyfuss, 1992) . Poliovirus infection results in an inhibition not only of cellular mRNA translation, but also of transcription (K/i/iri/iinen & Ranki, 1984; Kliewer et al., 1990) , and thus could potentiate a transfer of splicing proteins or hnRNPs from the nucleus to the cytoplasm. If PTB were transferred to the cytoplasm in this way, it could help to account for the accelerated rate of viral RNA translation as the infectious cycle progresses. Nevertheless, the presence of some p58/60 (PTB) in the cytoplasm prior to infection would seem to be necessary to account for viral RNA translation in the early stages of the infectious cycle.
However, our results show quite clearly that although the p58/60 (PTB) present in HeLa cell extracts binds specifically to picornavirus IRES elements, the major fraction of the PTB in these extracts cannot be the factor which, when added to reticulocyte lysates, specifically promotes internal initiation of translation on the rhinovirus IRES, since it can easily be separated from this activity. In all the fractionation methods tested, the B-type translation stimulatory activity co-fractionated with all of the cross-linkable p97 present in the starting material. Further indications that p97 could be the critical factor are that it is present in HeLa cytoplasmic extracts, but appears to be absent (by the criteria of cross-linking to the HRV 5' UTR) from nuclear extracts and from reticulocyte lysates, neither of which have significant activity in promoting initiation on the HRV IRES; and p97 can be cross-linked to the HRV (and the poliovirus) 5' UTR but not to the 5' UTR of EMCV or of another cardiovirus, Theiler's murine encephalomyelitis virus (S. L. Hunt & R.J. Jackson, unpublished observations). However, the most active fractions obtained during purification also consistently had traces of cross-linkable p58/60 (PTB). Since the specific translation stimulatory activity behaves as an entity of high native M r, it seems likely that the active factor may be a complex between p97, p58/60 (PTB) and perhaps some other proteins, a complex which is quite easily dissociated on ion-exchange chromatography. Whenever such separation between p97 and residual p58/60 (PTB) occurs, there seems to be a drastic decrease in the recovery of translation stimulatory activity. Such activity as is recovered under these circumstances is found to co-elute with the cross-linkable p97 but not with any other polypeptide that can be u.v. cross-linked to the HRV IRES. It should be noted that the fractions containing p97 which were used in this assay were diluted approximately eightfold (with respect to the S-100 column load) by the shallow gradient elution used to produce these fractions. Thus it is possible that dilution of p97 (rather than separation from PTB) was the explanation of the poor activity recovered from this column. However, the weak activity of these fractions containing p97 can be enhanced by the simultaneous addition of purified PTB, which tends to favour the explanation that PTB is an essential component of the Btype activity. Although there is clearly synergism between PTB-and p97-containing fractions, the recovery of translation stimulation activity is less than complete. It may be that once the complex between p97 and PTB has been split, it does not readily reassemble under the conditions of our assays. An alternative explanation is that complete restoration of activity requires not only p97 and p58/60 (PTB), but also some other polypeptides which have been separated from p97 and PTB during ion-exchange chromatography. In principle, antibody depletion experiments could provide an alternative means of proving functional importance of the PTB proteins for internal initiation. However, antibody depletion of a system as complex as a cell-free protein synthesis extract has not proved very successful in the past owing to non-specific inhibitory effects which often obscure any specific inhibition. For this reason, such attempts to deplete an extract of activity using a polyclonal antibody are only meaningful if the activity can be restored by the addition of excess pure protein. In our own case, we were unable to restore stimulatory activity by the addition of purified PTB to extracts supplemented with anti-PTB (data not shown). This failure may be due to the non-specific effects mentioned above. However, we have demonstrated here that the translation stimulatory activity is likely to be a large complex of PTB with several other proteins. If this is the case, it is possible that the anti-PTB antibody may have removed not only the PTB but also these other proteins which are complexed with the PTB.
It is interesting to note that most of the PTB in nuclear extracts exists as a high M r (> 300000) complex which appears to contain a 100K protein, while a minor fraction of the PTB appears to be associated with a 33K polypeptide and variable amounts of other small proteins (Patton et al., 1991) . As anti-PTB antibodies coprecipitate the 100K polypeptide from these partially purified preparations, it seems highly probable that the association of this protein with PTB is not a case of fortuitous copurification. Only the fractions that contained both PTB and the 100K polypeptide were able to restore splicing activity to a nuclear extract that had been depleted of PTB by ion-exchange chromatography; purified PTB or fractions containing PTB together with the 33K protein were inactive in this assay (Patton et al., 1991) . These results indicate that the functional entity involved in splicing is a high Mr complex of PTB with the 100K protein.
The parallel with our results is both obvious and striking. Only the fractions that contained both PTB and p97 exhibited full activity in promoting internal initiation on the HRV IRES, and the native M r of the active entity is > 300000K as was also found by Svitkin et al. (1988) in their work on partial purification of what is certainly the same activity, but from Krebs II rather than from HeLa cells. It seems unlikely that the cross-linkable p97 detected in our experiments is identical to the 100K polypeptide found by Patton et al. (1991) , since in our hands p97 was found only in cytoplasmic extracts and not in nuclear extracts of HeLa cells. It is possible that p97 is the cytoplasmic homologue of the 100K polypeptide, but this will remain a speculation until the two proteins are analysed by micro-sequencing, or the relevant cDNA clones are isolated. So far we have not detected any co-precipitation of p97 by anti-PTB antibodies. This might reflect a weaker association between PTB and p97 than the 100K polypeptide, which in turn correlates with the fact that p97 can be separated quite easily from residual p58/60 (PTB) during purification by ion-exchange chromatography.
There are two types of explanation for any role of protein-IRES interactions in internal initiation. One is that the bound proteins actually constitute the recognition site for the subsequent binding of ribosomes or general initiation factors. The other is that the bound proteins modulate the higher order structure of the IRES so that it is appropriate for the binding of general initiation factors, or ribosomes by direct RNA-protein interactions. The second of these two possibilities seems to offer a more satisfactory explanation for why initiation on the entero-/rhinovirus IRESs should require protein factors that are redundant for initiation on cardio-/aphthovirus IRESs. The cardio-/aphthovirus IRES might readily adopt the appropriate tertiary structure under physiological conditions, whereas the entero-/rhinovirus IRES might attain this structure only if and when the relevant proteins are bound.
